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Inﬂuenza A are nuclear replicating viruses which hijack host machineries in order to achieve optimal
infection. Numerous functional virus–host interactions have now been characterized, but little
information has been gathered concerning their link to the virally induced remodeling of the host
cellular architecture. In this study, we infected cells with several human and avian inﬂuenza viruses
and we have analyzed their ultrastructural modiﬁcations by using electron and confocal microscopy.
We discovered that infections lead to a major and systematic disruption of nucleoli and the formation
of a large number of diverse viral structures showing speciﬁcity that depended on the subtype origin
and genomic composition of viruses. We identiﬁed NS1 and M1 proteins as the main actors in the
remodeling of the host ultra-structure and our results suggest that each inﬂuenza A virus strain could
be associated with a speciﬁc cellular ﬁngerprint, possibly correlated to the functional properties of their
viral components.
& 2012 Elsevier Inc. All rights reserved.Introduction
Inﬂuenza A viruses are responsible for recurrent annual epi-
demics and constitute a major threat to public health with the
potential to mutate into new pandemic subtypes, as was recently
illustrated with the A(H1N1)pdm2009 (Neumann et al., 2009;
Michaelis et al., 2009).
Inﬂuenza A virus genomes consist of eight RNA negative
segments existing as ribonucleoprotein complexes (vRNP)
(Palese and Shaw, 2007) and their replication cycle occurs within
the nucleus of the host cells (for a review: Josset et al., 2008).
Nuclear import of the viral genome is followed by an initial round
of transcription driven by the viral polymerase (RNA-dependent
RNA-polymerase, RdRp) for the production of early mRNA. Sub-
sequently, RdRp initiates the replication of vRNA by elongating
intermediate positive RNA (cRNA), which will constitute thell rights reserved.
1.fr (M. Rosa-Calatrava).
esent work.matrix for the synthesis of numerous copies of new vRNA genome
(Neumann et al., 2004). Despite the increasing number of avail-
able molecular data concerning the functional interplay between
inﬂuenza A and cellular components (Nagata et al., 2008; Karlas
et al., 2010; Ko¨nig et al., 2010) several ‘‘black boxes’’ still need to
be explored to allow a more complete understanding of the
fundamental biology of inﬂuenza viruses.
Several groups, including ours, have hypothesized that the
dynamic and spatial architecture of the host nuclear compart-
ment may contribute to the regulation of viral molecular mechan-
isms (Amorim and Digard, 2006; Lamond and Sleeman, 2003;
Josset et al., 2008). In such a context, several speciﬁc virally
induced nuclear structures were found to reﬂect viral activities
such as replication, transcription or RNA splicing as well as
trafﬁcking for DNA viruses with a nuclear replication cycle (i.e.
adenoviruses or herpesviruses). The formation of such structures
is a characteristic of the viral hijacking of the host nuclear
machinery (Hiscox, 2006). However, little is known about inﬂu-
enza-induced modiﬁcations of the host nuclear architecture
(Josset et al., 2008).
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the 1960s, 70s and 80s most were in non-human cellular models
infected with a very limited number of inﬂuenza strains (A/Puerto
Rico/8/34 (PR8) or A/WSN/33 (WSN)). These studies systematically
showed modiﬁcations of nucleolar architecture and reported
different types of virally induced structures, such as nuclear
elongated tubular structures or cytoplasmic dense inclusion-like
bodies (Anisimova et al., 1980; Anisimova´ et al., 1977; Kopp et al.,
1968; Saito et al., 1970; Josset et al., 2008). However, no viral
factors were characterized for their involvement in this host cell
remodeling and the functional signiﬁcance of these virally induced
structures remains to be elucidated. Moreover, to our knowledge,
none of the electron microscopic investigations were undertaken
to systematically compare different inﬂuenza A strains for their
ability to alter host cellular architecture.
The aim of this study was therefore to build on these original
studies by scrutinizing more precisely the host cellular modiﬁca-
tions induced by several different inﬂuenza A viruses. We had a
particular focus on the nucleolar compartment and the alterations
of which appear to be the most marked during infection (Josset
et al., 2008). Using electron microscopy (EM) and confocal
microscopy, we studied both human pulmonary epithelial cells
(A549) and primary chicken embryonic ﬁbroblasts (CEF) infected
with different pandemic and epidemic human inﬂuenza strains
and with low or highly pathogenic avian subtypes.
Altogether, our results reveal an unexpected subtype-speciﬁc
heterogeneity in viral alterations of the host architecture and the
formation of a large number of diversiﬁed structures that depend
on the viral strain origin. Moreover, immunostaining experiments
and the study of different recombinant viruses suggest, for the
ﬁrst time, that speciﬁc virally induced structures are dependent of
the strain origin of NS1 and M1 proteins.Results
In order to investigate the host cell ultrastructural modiﬁcations
induced upon inﬂuenza infection, we ﬁrst examined mock-infected
human respiratory epithelial A549 cells to refer to as the normal
ultrastructural morphology of these cells. As shown in Fig. 1, the
regular architecture of the nucleus (Fig. 1, panel a) comprises a
nucleoli (Nu) harboring several ﬁbrillar centers (FC) surrounded by
dense ﬁbrillar components (DFC) and granular components (GC)
(Fig. 1, panel a1). The A549 cells present a cytoplasmic morphologyFig. 1. Regular ultrastructure of A549 cells. Glutaraldehyde ﬁxation and Epon emb
observed in panel (a). Enlargement of frames shows nucleolar sub-domains (DFC, FC a
DFC: dense ﬁbrillar component; FC: ﬁbrillar center; GC: granular component; m: m
indicated.and organelle localization (Fig. 1, panel a2) that reﬂect well the
expected polarized state of respiratory epithelial cells. The follow-
ing results presented in this study are based on representative
pictures of infected cells obtained in repeated experiments, as
described in Materials and Methods.A/Moscow/10/99 (H3N2) virus induces a major remodeling of
host nuclear and nucleolar ultrastructures
Human cells (A549) were infected with A/Moscow/10/99
(H3N2) (MO) virus and observed by EM (Fig. 2A, panels a1–a4).
Concomitantly, stages of infection were determined by confocal
microscopy by immunostaining of nucleoprotein (NP), as pre-
sented in Fig. 2B.
The most striking observation was the extensive alteration of
the nucleoli (Fig. 2A, panels a5–a8). This remodeling was char-
acterized by a progressive disappearance of the constitutive FC and
DFC, which was achieved by 10 hpi (Fig. 2A, panel a7). Concomi-
tantly, numerous electron dense round-shaped bodies (indicated
by stars) of increasing size were found accumulated throughout
the nucleolar space leading to the spotty appearance of this
compartment shown at high magniﬁcation in Fig. 2C (panel c1).
Furthermore, several rod-like structures were detected within
the nucleoplasm later on in infection (Fig. 2A, panel a8, structures
indicated by arrows). These structures, measuring 40–60 nm in
diameter, were of various lengths and presented a regular dense
striation perpendicular to the long axis with a seemingly central
hole, as observed in longitudinal and transversal views, respec-
tively (Fig. 2C, panels c2–c5). In cross section, they appeared to be
formed by the regular close arrangement of striae of 9.870.7 nm
in diameter (mean1standard deviation, SD; n, number of inde-
pendent measurements in different cross-sectional areas¼20). In
longitudinal sections, the inter-striae distance was found to be
8.470.5 nm (mean7SD; n¼25).
In the cytoplasm, dense irregularly shaped materials were
found accumulated in clusters (Supplementary Fig. 1), their
number and size were growing as the infection progressed (data
not shown). In favorable sections, these structures can be
described as paracrystalline-like inclusions surrounded by
numerous punctuated structures resembling to ribosomes (Sup-
plementary Fig. 1, panels a2 and a3 and data not shown). It is
interesting to note that similar structures were previously
reported within WSN H1N1 infected cells (Kopp et al., 1968;edding. Architectures of nucleus and cytoplasm of mock-infected A549 cells are
nd GC) in (a1) and cytoplasmic morphology and organelles in (a2). C: cytoplasm;
itochondria; N: nucleus; nm: nuclear membrane; Nu: nucleolus. Scale bars are
Fig. 2. Dynamic remodeling of the host nuclear and nucleolar ultrastructures during infection by MO virus. A. Glutaraldehyde ﬁxation and Epon embedding. (a1–a4).
General aspect of infected cells at several time points following infection (MOI 1). (a5–a8) Enlargements of frames show a strong remodeling of the nucleolar compartment
characterized by the progressive disappearance of FC and DFC (asterisk) and the accumulation of increasingly numerous electron dense round-shaped bodies (stars). Several
rod-like structures can be seen accumulated within the nucleoplasm late in infection (double arrowheads). Scale bars are indicated. B. NP immunostaining of infected A549
cells. At several time points post-infection, immunolabeling was performed with anti-NP (red) and appropriate secondary antibodies. Nuclei were stained with DAPI (blue).
Panels (b1–b4) are the merged confocal images from each ﬂuorochrome. Scale bars, 10 mm. C. Higher magniﬁcations of the virally induced nucleolar remodeling (c1, stars).
Transversal (arrowhead) and longitudinal (double arrowhead) views of the striated rod-like structures are observed in panels (c2, c4) and (c3, c5), respectively. Scale bars are
indicated. C, cytoplasm; ch, chromatin; DFC, dense ﬁbrillar component; FC, ﬁbrillar center; N, nucleus; nm, nuclear membrane; Nu, nucleolus. Scale bars are indicated.
O. Terrier et al. / Virology 432 (2012) 204–218206Saito et al., 1969, Ciampor, 1972; Compans and Dimmock, 1969;
Shaw and Compans, 1978; Yoshida et al., 1981). No other
noteworthy cytoplasmic modiﬁcations were detected, except
for the budding MO viruses at the cellular membrane (data
not shown).
Chicken embryo ﬁbroblast (CEF) cells infected with MO virus
were also investigated (Supplementary Fig. 2). During infection,
when nucleoprotein localization is mainly cytoplasmic (Supple-
mentary Fig. 2C), a major nucleolar remodeling was also
observed in CEF. Similarly to infected A549 cells, these modiﬁca-
tions were associated with a strong accumulation of dense round-
shaped bodies (Supplementary Fig. 2A, indicated by stars, panels
a4–a6) replacing the FC and DFC. Moreover, striated structures
were also observed within the nucleus and displayed similar
features to those detected in infected A549 cells (Supplementary
Fig. 2B). Depending of sections, irregular dense inclusions sur-
rounded with globular structures around their borders, were also
detected within the cytoplasm (data not shown).These data indicate that similar modiﬁcations of the host
architecture and structures are induced in both human and avian
cells infected by the MO virus. Furthermore, quite similar mod-
iﬁcations of A549 and CEF ultrastructure were also observed with
two other viruses from the same H3N2 lineage, A/Panama/2007/
99 and A/Brisbane/10/2007 (data not shown). Altogether these
results suggest a likely signiﬁcant speciﬁcity for these H3N2
induced cellular alterations, which could be considered as a
cellular signature of some contemporary H3N2 strains.Each inﬂuenza A virus tested induced a speciﬁc remodeling of
the host cellular ultrastructure
We further investigated whether different other inﬂuenza A
subtypes lead to similar or diverse alterations of the host
architecture. For this purpose, A549 cells were infected with
human A/Lyon/969/09H1N1 (pdm2009), A/New Caledonia/20/99
O. Terrier et al. / Virology 432 (2012) 204–218 207(H1N1), A/Singapore/4/57 (H2N2) and avian A/Finch/England/
2051/94 (H5N2), A/Turkey/582/2006 (H5N1) and A/Chicken/
Italy/2076/99 (H7N1) inﬂuenza viral strains.
Despite their speciﬁc host-range restriction (Naffakh et al.,
2008), all viruses tested in this study efﬁciently infected A549 cell
culture at 371C, as we previously reported (Josset el al., 2010).
In this context, there was evidence of comparable kinetics of
productive viral replications for all the viruses (Supplementary
Fig. 3A). Moreover, at 24 hpi, a time corresponding to spreading
infection for all these viruses, immunoﬂuorescence labeling
revealed similar patterns of NP localization within infected cells
(Supplementary Fig. 3B).
The pandemic H1N1 virus (pdm2009) also induced a complete
remodeling of the nucleolus with a different pattern to that
observed in MO-infected cells. In a large majority of infected
cells, the nucleoli appeared as a condensed compartment harbor-
ing heterogeneous granular components while lacking the other
regular sub-domains FC and DFC (Fig. 3A, panels a–a1). In
addition, numerous tubular structures were observed located
either inside or in the vicinity of the nucleolar compartment
(Fig. 3A, panels a1–a2, arrowheads). These virally induced entities
were widely dispatched throughout the nucleoplasm (Fig. 3A,Fig. 3. Human H1N1 pdm2009 and avian FI viruses each alter the host cell ultra
embedding. A549 cells were infected with human pandemic A/Lyon/969/09H1N1 (MO
General remodeling of nucleolar and nuclear architectures and cytoplasmic modiﬁcatio
with an asterisk or double arrowheads. Transversal (arrowhead) and longitudinal (dou
magniﬁcation (enlargement of frames) in panel (a3). The FI-induced cytoplasmic polyg
longitudinal section in panels (b2–b3) and with high magniﬁcation (C). C, cytoplasm; m
indicated.panels a–a2 and data not shown), as recently observed in lung
tissue from patients who died of pandemic H1N1 (Goldsmith
et al., 2011). The general organization of these tubular structures
was similar in shape to that induced by the MO virus (Fig. 2),
despite being larger in terms of both diameter (60–90 nm) and
length (maximal length approaching 1 mm) (Fig. 3A, panel a3). In
addition, dense inclusions of irregular shape and associated to
seemingly ribosomes were also observed within the cytoplasm of
H1N1 infected cells (data not shown).
Intriguingly, marked differences in viral remodeling of the cell
architecture were observed during infection with two other
human viruses (A/Singapore/4/57H2N2 and A/New Caledonia/
20/99H1N1), corresponding to different features of nucleoli dis-
ruption and other diverse types of virally induced structures
(Supplementary Fig. 4). It should be noted that MO-associated
nucleolar round-shaped bodies and tubular striated structures
were never observed with these viruses, even at very late stages
of infection (data not shown).
Strong disparities were also noted with avian viruses. The
A/Finch/England/2051/94 (H5N2) (FI) virus progressively led to a
particular and very speciﬁc signature of infected A549 cells
(Fig. 3B and Supplementary Fig. 5). The nucleolar alterationsstructure with their own speciﬁc signature. Glutaraldehyde ﬁxation and Epon
I 0.5) (A panels a–a3) and avian FI (MOI 1) (B panels b–b3) viruses, as indicated.
ns were observed at 24 hpi. All different virally induced structures are pointed out
ble arrowhead) views of H1N1 associated tubular structures are shown at higher
on shaped structures harboring a crystalline-like aspect (asterisk) are presented in
, mitochondria; N, nucleus; nm, nuclear membrane; Nu, nucleolus. Scale bars are
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nents with no formation of any additional obvious structures
within the nucleus (Fig. 3, panel b1). However, numerous
polygonal-shaped inclusions were accumulating within the
cytoplasm of a very large majority of infected cells (Fig. 3B,
asterisks). Observed from earlier stages of infection (6 hpi), these
structures increased in size and number as the infection pro-
gressed to the late steps (Supplementary Fig. 5). At higher
magniﬁcations and depending on the section, these particular
entities displayed a regular arrangement of striations with two
different shades and resembled crystalline-like inclusions
(Fig. 3B, panels b2 and b3). In longitudinal sections, the inter-
striae distance was found to be 8.470.5 nm (mean7SD; n¼25)
(Fig. 3, panel b3). In cross section, these structures appeared to
be formed by the regular close arrangement of tubules of
9.870.7 nm in diameter (mean7standard deviation, SD; n,
number of independent measurements in different cross-sec-
tional areas¼20).
It must be mentioned that quite a similar dynamic signature
was also observed in FI-infected CEF cells, particularly concerning
the presence of these crystalline-like structures, (data not shown).
To our knowledge, these polygonal-shaped inclusions have never
before been described and could be considered as a speciﬁc
feature of the FI virus. This hypothesis is supported by the
observation of A549 cells infected with some other avian viruses
like A/turkey/582/2006 (H5N1) and A/chicken/Belgium/2003
(H7N7), which present distinct cellular ultrastructural modiﬁca-
tions (Supplementary Fig. 4, panels c and d). Importantly, the FI
associated polygonal-shaped inclusions have not been observed
with these latter viruses.
Overall, our results are summarized in Table 1 and reveal a
strong heterogeneity in viral alterations of the host architecture
and the formation of a large number of speciﬁc and diversiﬁed
structures, as though each virus should be associated with a
speciﬁc cellular signature of infection.
In order to identify the viral components involved in host cell
remodeling and investigate the signiﬁcance of some speciﬁc
structures, we further focused our analysis on the genetically
diverse MO and FI viruses and their very distinguishable
signatures.Table 1
Summary of viral cellular signatures characterized by electron microscopy. For each vi
References to ﬁgures or bibliography are indicated (n.d., non determinated).
Viral strains Cellular signatures
Nucleolus Nucl
A/Moscow/10/
99H3N2 (MO)
Disappearance of FC and DFC Dense round-shaped
bodies
Stria
A(H1N1)pdm2009 Disappearance of FC and DFC Striated tubular
structures
Num
tubu
A/WSN/33H1N1 Segregation of nucleolar sub-domains Stria
A/New Caledonia/20/
99H1N1
large amorphous-like compartment surrounded by
extended network of dense material
Over
shap
A/Singapore/4/
57H2N2
Segregation into dispersive granular materials and
dense body
Dens
A/Finch/England/
2051/94H5N2 (FI)
Segregation of nucleolar sub-domains n.d
A/turkey/582/
2006H5N1
Amorphous compartment with ﬁbrilar dense material
at periphery
Large
irreg
A/chicken/Belgium/
2003H7N7
Unique dense condensed compartment StriaNS and M contribute to the formation of structures unique to
the MO and FI cellular signatures
Transient expression of NS and M gene segments are required but not
sufﬁcient for the formation of viral structures
As a ﬁrst explorative approach, we transfected A549 cells with
reverse genetics pHW2000 plasmids carrying the complete set of
MO gene segments in order to examine by EM any alterations of
the cellular architecture related to those previously observed
during MO infection. We used pHW2000 plasmids since they allow
the expression of both viral proteins and the corresponding viral
RNA (vRNA) thus permitting us to conduct our investigations in a
context resembling infection and in which viral ribonucleoprotein
complexes could be assembled, as previously demonstrated by
Yamanaka K et al. (Yamanaka et al., 1990; Huang et al., 2001). For
all experiments, we veriﬁed the expression of proteins by western
blot experiment at 48 hours post-transfection (data not shown).
Transfection of empty pHW2000 plasmids had no effect on
cellular ultrastructure (data not shown). Similarly, expression of the
NP gene segment had no signiﬁcant effect on nuclear or nucleolar
ultrastructures, as shown in Fig. 4 (panels a–a2). Only a change in the
general aspect of the nucleoplasm, which became heterogeneous
with dispatched dense materials, was noticed; this was likely the
result of nuclear accumulation of plasmid and/or NP protein.
In contrast, the co-expression of NP and RdRp coding gene
segments induced a complete fragmentation of the nucleolus
without the formation of other particular structures related to
infection, as shown in Fig. 4 (panels b–b2). On the other hand, the
additional co-expression of the NS gene segment resulted in the
formation of numerous electron dense round-shaped bodies
within the remnant nucleolar compartment of 60% of transfected
cells (Fig. 4, panels c–c2, indicated by stars). This pattern was very
similar to the nucleolar signature depicted previously for MO
infection (compare with Fig. 2). Furthermore, in 40% of trans-
fected cells, the supplementary over-expression of the M gene
segment was associated with the formation of nuclear striated
tubular structures (Fig. 4, panels d–d2, arrowheads), harboring
similar characteristics to those induced by the MO virus (compare
with Fig. 2).ral strain, speciﬁc cellular remodeling and virally induced structures are reported.
References
eus Cytoplasm
ted tubular structures Ribosomes rounded dense
inclusions
Fig. 2
Supplementary
Fig. 1, Fig. 2
erous and large striated
lar structures
Ribosomes rounded dense
inclusions
Fig. 3A
ted tubular structures Ribosomes rounded dense
inclusions
Kopp et al. (1968)
Ciampor (1972)
Compans and
Dimmock (1969)
all dispatched dense round-
ed bodies
n.d Supplementary
Fig. 4
e globular structures n.d Supplementary
Fig. 4
Polygonal-shaped
crystalline-like inclusions
Fig. 3B
heterogeneous and
ular-shaped structures
n.d Supplementary
Fig. 4
ted tubular structures n.d Supplementary
Fig. 4
Fig. 4. MO virally induced structures require NS and M expression. Glutaraldehyde ﬁxation and Epon embedding. A549 cells were co-transfected with pHW2000 plasmids
containing NP, RdRp, NS and/or M genomic segments of MO virus, as indicated, and their general aspects were observed for 48 hours post-transfection. In contrast to NP transfected
cells (panels a), a complete disruption of the nucleolus is observed when NP and RdRP are co-expressed (b–b2). Additional expressions of NS (panels c–c2) and M (panels d–d2)
induce the formation of electron-dense round-shaped bodies (stars) within the nucleolar compartment, cytoplasmic dense inclusions (arrow) and nucleoplasmic rod-like structures
(arrowheads), as respectively observed in enlarged frames. C, cytoplasm; N, nucleus; nm, nuclear membrane; Nu, nucleolus. Scale bars are indicated.
O. Terrier et al. / Virology 432 (2012) 204–218 209Interestingly, both expression of NS or M gene segments
alone did not induce the formation of the related structures
(data not shown), suggesting the possible requirement of a
stronger expression than the one obtained with pHW2000plasmid in order to induce cellular remodeling in a similar way
to that observed in the context of viral infection. Similar results
were noticed with ectopic expression of FI segments (data not
shown).
Fig. 5. The formation of nucleolar electron-dense round-shaped bodies depends on MO NS1 expression. A. Immunostaining of MO infected A549 cells (MOI 1). At
10 hpi, immunolabeling was performed with anti-NS1 (green) and anti-NP (red). Nuclei were stained with DAPI (blue). Nucleolar compartments are indicated by
arrowheads. Panel (a3) is the merged confocal images from each ﬂuorochrome. Scale bars, 10 mm. B. Formaldhehyde ﬁxation and Lowicryl embedding. At 10 hpi, MO-
infected A549 cells were ﬁxed and processed for anti-NS1 immunogold labeling. Gold particles (10 nm) intensely and homogenously surround the electron dense round-
shaped bodies (stars) within the remodeled nucleolar compartment (b1–b2). Some striated structures are poorly labeled within nucleus (arrowheads) as observed in panel
(b3). C, cytoplasm; N, nucleus; Nu, nucleolus. Scale bars are indicated. C. A549 cells were infected with delNS1 virus for 12 hpi. NP immunostaining was performed (red)
and nuclei were stained with DAPI (blue). Panel (c2) is the merged confocal image from each ﬂuorochrome. Scale bars, 10 mm. D. Glutaraldehyde ﬁxation and Epon
embedding. At the same time point post infection, a strong disruption of the nucleolar compartment is observed (d1–d2). Moreover, no striated tubular structure is
detected within the nucleoplasm. C, cytoplasm; N, nucleus; nm, nuclear membrane; Nu, nucleolus. Scale bars are indicated. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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O. Terrier et al. / Virology 432 (2012) 204–218 211Anyway, all these results lead us to focus our investigations on
the proteins encoded by the NS and M gene segments in a viral
context. For this purpose, we ﬁrst controlled that viral proteins
were comparably expressed during the time course of the MO and
FI infections (Supplementary Fig. 6).
NS1 has a direct role in the host nucleolar remodeling observed
during MO infection
We investigated the sub-cellular localization of MO NS1 in a
viral context by immunostaining (Fig. 5). As expected for an NS1Fig. 6. FI NS1 is strongly associated with cytoplasmic crystalline-like structures dur
with anti-NS1 (green) and anti-NP (red) antibodies. Nuclei were stained with DAPI (blu
ﬂuorochrome. Enlargement of the frame depicts the NS1 stained crystalline-like struc
ﬁxation and Lowicryl embedding. At 12 hpi, FI-infected A549 cells were ﬁxed and p
antibodies. Whereas a weak staining is observed within the nucleolus (a2), gold par
structures within the cytoplasm (a3–a4, asterisk). C, cytoplasm; N, nucleus; Nu, nucle
ﬁgure legend, the reader is referred to the web version of this article.)protein containing a Nucleolar Localization Signal (NoLs) (Melen
et al., 2007), we conﬁrmed the nucleolar localization of MO NS1 in
87% of infected cells in addition to its cytoplasmic accumulation
at 10 hpi (Fig. 5A). In accordance with these observations, EM
investigations have indicated a strong anti-NS1 immunogold
labeling of the nucleolar dense round-shaped bodies speciﬁc to
the MO infection (Fig. 5B). In contrast, only lower or no NS1
staining of nucleoplasm and viral striated tubular structures
were observed respectively, thereby conﬁrming the speciﬁcity of
the MO NS1 labeling for the modiﬁed nucleolar architecture
(Fig. 5B). No anti-NEP labeling was associated with the denseing infection. A. Immunostaining of FI-infected A549 cells at 6 and 12 hpi (MOI 2)
e). Panels (a3) and (a6) are the merged confocal images from each corresponding
tures. Nucleoli are indicated by arrowheads. Scale bars, 10 mm. B. Formaldehyde
rocessed for immunogold labeling with anti-NS1 and the appropriate secondary
ticles intensely and homogenously surround the crystalline-like polygon shaped
olus. Scale bars are indicated. (For interpretation of the references to color in this
O. Terrier et al. / Virology 432 (2012) 204–218212round-shaped bodies within the nucleolus of infected cells (data
not shown).
Further investigations were carried out by generating a func-
tional recombinant H3N2 delNS1 virus in which the NS1 gene was
completely deleted by reverse genetics, as previously realized in a
PR8 background (Garcia-Sastre et al., 1998). We characterized the
recombinant delNS1 virus by validating the lack of NS1 expres-
sion and determining the level of cell infection by immunoﬂuor-
escence staining (Supplementary Fig. 7).
To validate our experimental approach, we conﬁrmed that the
MO virus generated by reverse genetics induced a cellular
signature (data not shown) similar to that reported above with
the corresponding prototype strain (Fig. 2). At late stages of
infection, indicated by the principally cytoplasmic localization of
NP (Fig. 5C), the delNS1 virus led to a nucleolar signature that
clearly differed from that observed both with parental and MO
viruses at similar late stages of infection. Indeed, the delNS1 virus
was shown to induce only the segregation of the sub-nucleolar
compartment without any associated formation of the character-
istic dense round-shaped bodies (Fig. 5D, panel d2). Interestingly,
neither striated tubular structures nor cytoplasmic dense inclu-
sions could be detected within delNS1-infected cells (Fig. 5D).
Altogether, these results clearly demonstrate the direct invol-
vement of NS1 protein in the formation of several features of the
MO virus cellular signature and particularly in the ultrastructural
remodeling of the host nucleolus.FI NS1 Is not accumulated within nucleoli but rather associated with
the FI-associated cytoplasmic crystalline-like structures
Concomitantly, we studied the sub-cellular localization of FI
NS1 in A549 infected with the FI prototype strain (Fig. 6A). Both atFig. 7. M1 is mainly associated with the MO-induced striated rod-like structures. F
MO (MOI 1) and processed at 10 hpi for immunogold labeling with anti-M1 antibo
arrowhead) within the nucleus as observed in panels (a1–a3). At the same time point fo
pattern for M1 (green) with some punctuated cytoplasmic accumulation (a4). Subcell
(blue). Panels (a4) and (a5) are the merged confocal images from each ﬂuorochrome. B
reader is referred to the web version of this article.)6 and 12 hpi, immunoﬂuorescence staining showed an absence of
nucleolar accumulation of FI NS1 in 100% infected cells we
observed. In contrast, the outline of the FI speciﬁc polygonal-
shaped structures within the cytoplasm was intensely labeled.
Immuno-EM observations after staining with anti-NS1 antibody
were in accordance with above results in that they showed very
low amounts of gold particles within nucleoli of FI-infected cells
(Fig. 6B, panel b2) and an intense and systematic staining
associated with the crystalline-like inclusions characteristic of FI
infection (Fig. 6B, panels b3–b4). Partial discrepancy between
immunoﬂuorescence and EM staining could be explained by the
inaccessibility of antibodies inside inclusions, whereas NS1
should be exposed at their surface on the EM slice. Such a notion
would support a compact and solid structure for inclusions in line
with their obvious crystalline-like aspect.
Altogether, these data indicate that FI NS1 protein is mainly
associated with the crystalline-like inclusions in the context of
infection and underline the relevance and speciﬁcity of the above
ﬁnding concerning MO NS1 sub-cellular pattern of localization.
Moreover, the absence of FI crystalline-like structures in cells
infected by all other viruses tested favors an inﬂuential role played
by the FI NS1 protein on the FI virus-speciﬁc cellular signature.MO-speciﬁc striated structures are associated with M1 protein
Based on the results of prior transient expression experiments
(Fig. 4, panels c), we also examined the sub-cellular localization of
M1 proteins in both MO and FI-infected cells by immuno-EM, at
late stages of infection. At 12 hpi, immunogold particles were
strongly associated with the numerous striated tubular structures
found scattered throughout the nucleoplasm of MO-infected cells
(Fig. 7, panel a). This labeling was distributed evenly around theormaldhehyde ﬁxation and Lowicryl embedding. (a) A549 cells were infected with
dy. Gold particles accumulated around the striated tubular structures (double
llowing infection, immunoﬂuorescence staining shows a mainly peripheral nuclear
ular localization of NP is shown in the panel (a5). Nuclei were stained with DAPI
ars, 15 mm. (For interpretation of the references to color in this ﬁgure legend, the
O. Terrier et al. / Virology 432 (2012) 204–218 213structure and probably reﬂected exposed antigenic sites (Fig. 7,
enlargement in panel a1, double arrowheads). Nucleoli of MO-
infected cells were devoid of M1 labeling although a diffuse signal
was observed within the cytoplasm that was conﬁrmed by
confocal microscopy (Fig. 7, panels a3 and a5, respectively).
At similar stage of infection for the FI virus, as indicated by NP
and M1 immunoﬂuorescent staining (Fig. 7), M1 protein was
neither associated with the host nucleolus nor with viral struc-
tures such as the cytoplasmic crystalline-like inclusions found
within the cytoplasm (Fig. 7, panels b1–b3). In contrast, several
clusters of gold particles were scattered within the nucleoplasm
of infected cells and showed no link with any deﬁned sub-cellular
entity (Fig. 7, panels b1–b3).
Together with the absence of M1 labeling in mock-infected
A549 control cells (data not shown), our data suggest that the
MO-induced striated tubular structures are speciﬁcally related to
the M1 protein originating from the MO virus. These results are inFig. 8. A. Genomic composition and replication kinetics of recombinant viruses g
indicated for each reassortant virus generated by reverse genetics. MO-NS, MO-MN
Production stock titers of MO, FI, FI-NS, FI-M and FI-MNS viruses are indicated. Rescu
indicated at 55 hpi. NDn: viral titers are under the threshold of sensitivity (1.3 log TCID5
NS and M segments. A. Glutaraldehyde ﬁxation and Epon embedding. A549 cells were i
c3) and general remodeling of the host ultrastructure was observed at 24 hpi. Nucleo
containing NS segment from MO (compare a1, c1 with b1). Striated tubular structures a
b2, c2 with a2). Cytoplasmic polygon shaped structures are observed with the FI-M vir
mitochondria; N, nucleus; Nu, nucleolus; re, reticulum. Scale bars are indicated.a reasonable agreement with results obtained by Ruigrok and
colleagues, who reported the polymerization of solubilized M1
protein as an ordered coil ribbon structure (Ruigrok et al., 2000)
and investigations by Gomez-Puertas et al., describing very
similar ﬁlamentous structures in a context of transient expression
of M1 from other H3N2 virus (Gomez-Puertas et al., 2000).Signatures of FI/MO reassortant viruses depend on the viral
origin of NS and M genomic segments
Above results with M1 were in line with those concerning NS1
and suggest that viral origin of proteins may determine the
speciﬁc features of each virus cellular signature. To support this
contingency, we used MO and FI reverse genetics systems to
produce a series of reassortant viruses containing various NS and
M genomic constellations, as described in Fig. 8A.enerated by reverse genetic. Parental MO and FI sources of each segment are
S viruses were not rescued (NR) on MDCK cells in 3 independent experiments.
ed viruses were cultured on A549 and CEF cells and titers (log10 DICT50/ml) are
0/ml). B. Virally induced structures are dependent on the MO or FI origin of the
nfected (MOI 1) with reassortant viruses FI-NS (a–a3), FI-M (b–b3) and FI-MNS (c–
lar dense round-shaped bodies (stars) are observed in cells infected with viruses
re associated with infection of virus containing the M segment from MO (compare
us (panel b3) whereas not with other viruses (panels a3 and c3). C, cytoplasm; m,
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evaluated by titration after three passages on MDCK cells and
referred to as rescue efﬁciency (Rescue on MDCK, Fig. 8A), as
previously described (Moules et al., 2011). Not all the constella-
tions resulted in efﬁcient viral replication. The introduction of
heterologous NS and/or M segments from FI within the MO
backbone was deleterious for replication of the corresponding
reassortant MO-NS and MO-MNS viruses. In contrast, inverted
reassortments were achieved within the FI backbone and a viral
yield titer for FI-NS, FI-M and FI-MNS viruses was measured
(Fig. 8A). The incompatibilities at the protein and/or genomic
level, as previously reported for other reassortants between
human and animal strains (Jackson et al., 2009; Li et al., 2008;
Fournier et al., 2012) may explain our results obtained with MO-
NS and MO-MNS.
We further compared the growth kinetics of recombinant
viruses by inoculating both A549 and CEF cells at a MOI of 102
and monitored the release of infectious virus progeny into the
supernatant up to 55 hpi (Fig. 8A). MO and FI viruses replicated
with good yields in A549 cells but with lower titers in CEF cells.
The viral titers of reassortant viruses were quit similar to those
measured for FI-M, FI-NS and FI-MNS viral titers being respec-
tively about 2 and 4 log lower than those observed for FI virus in
A549 cells. Similar results were also obtained in CEF infected cells
with a more drastic reduction of viral titers for the reassortant
viruses (Fig. 8A). Interestingly, while FI-MNS virus had similar
growth property to FI-NS and FI-M viruses in A549 cells, no
signiﬁcant levels of infectious particles were detected from CEF
infected cell supernatants neither at 55 hpi (Fig. 8A), nor at later
times (data not shown).
Subsequently, we carried out morphological observations on
A549 cells infected with reassortant FI-NS, FI-M and FI-MNS
viruses (Fig. 8B) in order to determine the associated cellular
signatures. For this purpose, we ﬁrst conﬁrmed that recombinant
FI virus was associated with a similar signature to that reported
above with the prototype strain (data not shown). The different
patterns of viral protein were also monitored at 8 and 24 hpi by
immunostaining (Supplementary Fig. 8).
FI-NS virus induced the formation of both dense round-shaped
bodies within the remnant nucleolus and ribosome-surrounded
dense inclusions within the cytoplasm (Fig. 8B, panels a1 and a3,
respectively). These features are speciﬁc to the cellular signature
induced by the NS1 protein of MO (compare with Figs. 2 and 5).
In addition, the FI-NS virus did not induce the formation of the
cytoplasmic crystalline-like structures speciﬁc to the FI NS sig-
nature. Similar observations were also made with the FI-MNS
virus (Fig. 8B, panels c). The sub-cellular localization of NS1
proteins investigated by immunoﬂuorescence staining (Supple-
mentary Fig. 8), were in accordance with EM observations and
conﬁrmed NS1 associated patterns for each reassortant virus that
depended on the MO origin of the NS segment. Furthermore, for
the FI-NS virus, none of the MO-speciﬁc striated tubular struc-
tures were ever detected within the nucleus of infected cells
(Fig. 8B, panels a–a2 and data not shown).
In a similar way, we noticed that the cellular signature of the FI
virus had been conserved in the FI-M virus (compare to Fig. 3) in
that the reassortant virus induced the complete segregation of
nucleolar components and polygonal shaped crystalline-like
structures within the cytoplasm (Fig. 8B, panels b1 and b3,
respectively). However, one singularity was observed and con-
cerned the formation of nuclear striated tubular structures
(Fig. 8B, panels b2), which are associated with the MO M1 protein
(compare with Figs. 2 and 7) expressed by this reassortant virus.
Finally, the study of FI-MNS infection revealed all features pre-
viously described for MO cellular signatures relating to both NS1
and M1 proteins (Fig. 8B, panels c–c2) and was devoid of any FIcharacteristics, notably the NS1 associated crystalline-like struc-
tures (Fig. 8B, panel c3).
Altogether, our results demonstrate that the viral origin
genomic segments coding NS1 and M1 proteins, could constitute
important determinants in the remodeling of the host cellular
architecture during infection, and could have putative effects on
replicative efﬁciency and virus viability with regard to results of
virus recovery and titers (Fig. 8).Discussion
We investigated four representative circulating human inﬂu-
enza viruses and three low or high pathogenic avian inﬂuenza
viruses for their impact on the host architecture of both human
(A549) and chicken (CEF) cells. Our results reveal that each
inﬂuenza A virus tested was associated with a speciﬁc cellular
signature mainly comprising marked and distinct modiﬁcations of
the host nuclear architecture and the formation of characteristic
and/or common viral structures, independently of the origin of
the host cell.
Moreover, the study of recombinant viruses indicated a clear
correlation between the viral cellular signatures and the viral
genomic constellations, with a marked role of NS1 and M1
proteins. While we are unable to completely rule out other
independent effects such as incompatibilities of recombinant
viruses at the protein and/or genomic level, as already reported
for several reassortant viruses between human and animal strains
(Jackson et al., 2009, Li et al., 2008), observed disparities in terms
of viral production both in human and avian cells highlight the
possibility of a signiﬁcant functional impact of the virally induced
cellular structures on the outcome of infection.
The well-deﬁned compartmentalized organization of the cell
nucleus allows the spatial and dynamic coordination of cellular
gene expression, and any modiﬁcations or defects resulting from
environmental stress or injuries are known to have a direct
impact on the spatial and temporal cellular transcriptome and
proteome (Zimber et al., 2004; Josset et al., 2008). With this in
mind, one obvious hypothesis would be that the nuclear environ-
ment could be decisive in regulating the replication cycle of
viruses (Chan et al., 2000; Amorim and Digard, 2006; Nagata
et al., 2008).
Among the heterogeneous virally induced alterations that we
reported, a common feature is the systematic and major remodel-
ing of the nucleolar compartment. We suggest that such privi-
leged targeting could reﬂect the viral alteration or hijacking of the
host nucleolar functions; a property shared by several viruses
such as DNA viruses, retroviruses and RNA viruses (Hiscox, 2007;
Greco, 2009; Munday et al., 2010). In addition, several investiga-
tions have reported the modiﬁcation of nucleolar proteome
composition during inﬂuenza virus infection (Emmott, et al.,
2010) and the interactions between several nucleolar proteins
and inﬂuenza vRNP and polymerase complex (Mayer et al., 2007;
Murayama et al., 2007). Moreover, high throughput RNAi screen-
ing studies have highlighted the functional involvement of many
nucleolar and ribosomal factors in viral replication (Ko¨nig et al.,
2010, Karlas et al., 2010). Other studies have also investigated the
functional relationships between inﬂuenza viruses and the
nucleolus by demonstrating the requirement of NP NoLS for
efﬁcient viral transcription and replication (Ozawa et al., 2007),
suggesting the subtype dependent interaction between NS1 and
nucleolin as a modulating factor determining virulence
(Murayama et al., 2007).
Our results are in accordance with these investigations and
lead us to propose that the speciﬁc nucleolar dense round-shaped
bodies associated with the NS1 protein from the H3N2 virus may
O. Terrier et al. / Virology 432 (2012) 204–218 215constitute a morphological phenotype of such strain-speciﬁc
properties. The high diversity of the nucleolar modiﬁcations that
we observed in cells infected with different viruses or in the
context of the H3N2 delNS1 virus, is in accordance with such a
hypothesis. In this context, the presence/absence of NoLs in NS1
protein from different viral origins needs to be investigated in
relation with property to remodel the nucleolar compartment.
Further studies are required to decipher the molecular signiﬁ-
cance of the ‘‘NS1 nucleolar experience’’ to both viral replication
and host nucleolar metabolism. Immuno-staining and in situ
hybridization experiments should be carried out in order to locate
other putative viral components in the formation of these virally
induced structures. An exciting challenge will be to functionally
connect nucleolar remodeling of infected cells and viral transcrip-
tion and/or replication processes. The nucleolar fragmentation
induced by transfection-based intracellular reconstitution of MO
or FI replication/transcription complexes (Fig. 4, panels a and data
not shown) and nucleolar localization of NP (Ozawa et al., 2007),
PB1 and PB2 (Emmott et al., 2010 and our unpublished data) as
well as vRNA and cRNA of infectious salmon anemia virus (ISAV),
which belongs to the family Orthomyxoviridae (Goic et al., 2008),
further support such a concept.
Alternatively, as nucleolar architecture and functions are
closely interconnected, it will be interesting to evaluate the role
of nucleoli in ribosome biogenesis and other extra-ribosomal
activities (e.g. mediation of cell-stress responses, regulation of
cell growth) (Andersen et al., 2005; Visintin and Amon, 2000) in
the context of virally induced alterations of nucleolar ultrastruc-
ture. These investigations would explain the reason behind the
observed heterogeneity in the remodeling of nucleoli among the
different viruses tested in the present study. Sub-nuclear localiza-
tion of related functional nucleolar factors must be investigated in
regard to viral remodeling. Moreover, the measure of endogenous
RNA polI activity and the evaluation of the outcome of matura-
tion/assembling of pre-ribosomal particles will give useful infor-
mation on a conceivable upstreammolecular mechanism engaged
by inﬂuenza viruses for the alteration of ribosome biogenesis
which could contribute to the viral hijacking of the host transla-
tional machinery (Kash et al., 2006).
Another structural phenotype of infection, which could also
illustrate well the viral misappropriation of cellular translation,
would be the cytoplasmic aggregates of dense material observed
within MO-infected cells and usually surrounded by ribosomes at
their borders. Similar observations were also reported in WSN-
infected cells and characterized as accumulations of NS1 in
association with RNA (Morrongiello and Dales, 1977; Yoshida
et al., 1981). Interestingly, the FI associated crystalline-like inclu-
sions, while visibly different, also harbor an intense NS1 labeling
and are also closely surrounded by numerous ribosomes, as
observed in favorable sections of infected cells (data not shown).
In order to link such virally induced structures to the translational
machinery, further immunostaining and immunolabeling will be
necessary focusing on the study of host initiation factors and viral
mRNA, for example. Different NS1-associated cellular structures
could potentially have diverse functional impacts on the host
translational machinery, a hypothesis which needs further
investigations.
NS1 is widely considered as the common factor by which all
inﬂuenza A viruses antagonize multiple signaling pathways and
antiviral mechanisms of the innate immune system (Krug et al.,
2003; Hale et al., 2008; Wolff and Ludwig, 2009).
A recent study demonstrated a strain-speciﬁc contribution of
NS1-activated PI3K signaling, which may depend on intracellular
localization of NS1 to possible ‘‘signaling platform sites’’ (Ayllon
et al., 2012). These sites could correspond to speciﬁc viral
structures that remain to be identiﬁed. It could be interesting toinvestigate NS1 associated paracrystalline structures we charac-
terized in this context.
The localization of antiviral components, such as PKR, RNAse L
and TRIM25/RIG-I factors should be also investigated with respect
to NS1-associated cytoplasmic cellular structures. In addition, the
study of some NS1 mutated or truncated viruses of interest, for
example those partially deleted for the RNA binding domain
(Hoffmann et al., 2000) or for species-speciﬁc virulence domains
like the NoLS/NES (Volmer et al., 2010) or PDZ-binding motif
(Soubies et al., 2010; Zielecki et al., 2010; Keiner et al., 2010),
would be very informative.
To our knowledge, virally induced cellular modiﬁcations,
similar to the FI-induced crystalline-like inclusions observed in
both human and avian cells presented here, have never been
described previously. Interestingly, NS1 from this strain belongs
to the B allele family, which was not described in mammalian-
adapted isolates, unlike avian A allele subtypes (Zohari et al.,
2010). Based on our observations of similar structures within cells
infected with another allele B virus, H7N1 A/Chicken/Italy/2076/
99 (data not shown), we can hypothesize that crystalline-like
structures could constitute the phenotypic signature of NS1 allele
B viruses. It will be necessary to further investigate several other
allele B viruses to support this hypothesis. Considering that A and
B alleles harbor different abilities to counteract innate immunity
(Zohari et al., 2010), thereby affecting their adaptation and
virulence properties, it will be also legitimate to study the inter-
play of these virally induced crystalline-like structures with host
factors, notably those involved in the metabolic pathways con-
trolling inﬂammatory cytokine signaling. Puriﬁcation of crystal-
line-like structure coupled to mass spectrometry analysis would
be very useful.
Similar questions concerning the biological signiﬁcance of
M1-associated structures have also been raised by our results.
However, the parameters are different from the NS1 entities since
the striated tubular structures are shared by genetically diverse
viruses including MO, pandemic H1N1, H7N7 and WSN (Ciampor,
1972; Anisimova et al., 1980). The M1 proteins of these latter
viruses are relatively conserved with the M1 of the viruses tested
and do not harbor any speciﬁc amino acid motifs with respect to
the M1 protein from viruses unable to induce formation of
striated tubular structures, as suggested by protein sequence
alignments (data not shown). Moreover, our observations have
revealed some heterogeneity in the number, the length and the
sub-nuclear localization of the M1-associated structures amongst
the different viruses. Moreover, previous study demonstrated the
property of H3N2 M1 to intrinsically form such nuclear structures
only upon conditions of very high level of protein expression
(Gomez-Puertas et al., 2000). Alternatively, additional viral factors
could be involved in the formation of M1-associated striated
tubular structures that require further characterization by
immuno-staining and in situ hybridization experiments.
The apparent complex structuring of these M1-associated
structures and their very high number within cells in the case
for example of pandemic H1N1 infection, suggest their likely
functional importance within the host nucleus. In accordance
with the M1 localization at the nuclear periphery (Fig. 7), addi-
tional EM observations of favorable sections indicated marked
accumulation of these striated tubular structures at the top of the
nucleus and near the nuclear membrane (data not shown). This
could point investigations towards a putative involvement of
these M1-related structures in vRNP nucleocytoplasmic trafﬁck-
ing. Indeed, the amino-terminal domain (residues 1–164) of M1
possesses RNA binding domains and an NLS motif, which could be
active in self-polymerization and nuclear export of newly made
vRNP (Hui et al., 2003). It will be interesting to investigate other
viral or cellular factors involved in vRNP export, like NEP protein
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2006), in regard to these tubular striated structures. Moreover,
the study of some temperature-sensitive (ts) M1 mutants of
interest (Liu and Ye, 2004), in particular with mutations in the
NLS motif that facilitates M1 binding to vRNP, should allow the
detection of M1 associated structures at restricted and permissive
temperatures. To our knowledge, only one similar study used ts
mutant viruses to analyze variable cellular patterns of infection.
Indeed Anisinova and collaborators investigated different ther-
mosensitive (ts) avian viruses defective for transcription and/or
replication and reported that some were unable to induce the
formation of viral structures at non-permissive temperature
(Anisimova et al., 1980), thereby suggesting a possible link
between the viral remodeling of the host nucleus and viral
replication, as we also postulate here in this study.
In addition to the discovery of several viruses, Electron Micro-
scopy investigations have also made a major contribution to the
identiﬁcation of host–pathogen interactions, especially by allow-
ing the molecular and functional characterization of various viral
structures induced by nuclear viruses including adenovirus,
herpes simplex and cytomegalovirus (Hiscox, 2006). Our results
support the concept that nuclear compartmentalization and its
virally induced remodeling could contribute to the regulation of
the inﬂuenza replication cycle. We now aim to use several
approaches to investigate the full range of inﬂuenza induced
cellular structures to understand the relevance of the heteroge-
neity shown among viruses and any virus speciﬁc characteristic
features and as such correlate viral structures with viral function.
In this way, based on the strain associated cellular signature,
which itself depends on the viral genomic constellation, an
exciting hypothesis could be that the viral structures would
partially reﬂect the ‘functional equipment’ of each virus and allow
its characterization in terms of host virulence and adaptability.Materials and methods
Viruses and cells
Inﬂuenza A viral strains A/New Caledonia/20/99 (H1N1), A/
Moscow/10/99 (H3N2), A/Singapore/4/57 (H2N2), A/Finch/England/
2051/94 (H5N2) and A/Lyon/969/09 (A(H1N1)pdm2009) were
obtained from the French national inﬂuenza monitoring network
GROG (Groupes Re´gionaux d’Observation de la Grippe, Lyon, France)
and the WHO collaborative center NIMR/MRC (kindly provided by
Dr. Alan Hay). They were subsequently ampliﬁed onMDCK cells (two
passages). Virus strains A/chicken/Netherland/2003 A(H7N7) and A/
Turkey/582/2006 A(H5N1) were kindly provided by Dr van den Berg
(University of Louvain, Belgium) and obtained from the National
Reference Center of Turkey, respectively. They were ampliﬁed in the
same conditions. Virus were cultivated and titered in MDCK cells and
stored at 701 C. Viruses H2N2, H7N7 and H5N1 were grown in
BSL3 (VirPath laboratory) and BSL4 (Marcel Merieux’s laboratory,
Lyon) facilities, respectively.
MDCK cells were purchased from Lonza (ATCC, CCL34) and
were passaged twice weekly in serum free Ultra-MDCK medium
(Lonza) supplemented with 2 mM L-glutamine (Sigma Aldrich),
penicillin (225 units/ml) and streptomycin (225 mg/ml) (Lonza).
Human pulmonary epithelial (A549) and chicken embryo ﬁbro-
blast (CEF) cells were propagated in Dulbecco’s Modiﬁed Eagle’s
Medium (DMEM, Lonza, Biowhittaker) supplemented with
200 units/ml penicillin, 200 mg/ml streptomycin, 2 mM L-gluta-
mine and 10% fetal calf serum in 25 cm2 ﬂasks (Falcon, Beckton
Dickinson). All cells were maintained at 37 1C with 5% CO2.
For infection, viruses were inoculated at a multiplicity of
infection (MOI) of 1–2 in DMEM supplemented with 200 units/mlpenicillin, 200 mg/ml streptomycin, 2 mM L-glutamine and 0.5 mg/
ml TPCK-trypsin (Roche diagnostics). After 2 h at 37 1C, the
inoculum was removed and replaced by fresh medium. Infected
cells were then incubated for different periods of time (6–24 hpi).
For viral kinetics on A549 cells, conﬂuent cells were infected
with viruses at an MOI of 0.1 for one hour under a minimal
volume of medium at 37 1C. Cells were then overlaid with fresh
medium and incubated at 37 1C. Samples of supernatants were
harvested at several time points post-infection (p.i.) and stored at
80 1C until end point titration assays (TCID50) in MDCK cells
using the Reed and Muench statistical method.
For end point titration, MDCK cells were infected at a MOI of
0.0001 TCID50/cell. After a 1-h viral adsorption period, cells were
overlaid with Eagle’s minimum elementary medium (EMEM,
Lonza) supplemented with 1 mg/ml trypsin (Roche diagnostics)
and further incubated at 34 1C. Harvested supernatants were
centrifuged at 1500 g for 10 min and stored at 70 1C until
analysis. End point-titration assays were performed on conﬂuent
layers of MDCK cells in 96-well plates. Brieﬂy, 50 ml of 10-fold
serial dilutions of each virus was inoculated into four replicate
wells. The 96-well microplates were incubated at 34 1C and the
presence of cytopathic effects (CPE) monitored 3 days later under
a microscope. The presence of virus in supernatants was also
conﬁrmed by hemagglutination tests using guinea pig erythro-
cytes. The TCID50 per ml values were determined using the Reed
and Muench statistical method, as previously described (Moules
et al., 2011).
Electron microscopy
For ultrastructural investigations, mock- and infected cell
cultures were ﬁxed with 2% glutaraldehyde (Sigma) in 0.1 M
sodium cacodylate (pH 7.3) buffer at room temperature for
30 min. After washing three times in 0.2 M sodium cacodylate
buffer, cell cultures were post-ﬁxed with 2% aqueous osmium
tetroxide (EMS) and deshydrated in a graded series of ethanol at
room temperature and embedded in Epon. After polymerization,
ultrathin sections were collected on 300 mesh grids coated with
formvar and stained with aqueous 1% uranyl acetate and lead
citrate (Leı¨ca Ultrostainer) before observations on a Philips CM
120 transmission electron microscope at an acceleration voltage
of 80 kV.
For immunolabeling, cell monolayers were ﬁxed 1 hour at
room temperature with 2.5% paraformaldehyde (Sigma) in phos-
phate buffer 0.1 M (pH 7.2). After ﬁxation, cells were scraped and
pelleted for 15 min at 1500 rpm. After being washed two times
for 15 min in 0.2 M phosphate buffer and centrifuged, cells were
embedded in 2% agar, dehydrated in increasing concentrations of
ethanol by progressive lowering of temperature (PLT), and ﬁnally
embedded in Lowicryl K4M with a Leı¨ca AFS. After polymeriza-
tion, ultrathin sections were collected on nickel 300 mesh grids
previously coated with formvar. In order to characterize the
structures containing viral proteins, grids bearing Lowicryl sec-
tions were saturated during 1 hour with 1% bovine serum
albumin (BSA) in 0.05 M TRIS/HCl pH 7.4 buffer, prior to incuba-
tion at 4 1C with primary rabbit polyclonal anti-NS1 (kindly
provided by Dr. Juan Ortin) or goat polyclonal anti-M1 (PA1-
85626, Thermo-scientiﬁc) in 1%BSA-TRIS/HCl 0.05 M pH 7.4.
After washing three times in TRIS/HCL (pH 7.4) and two times
in TRIS/HCL (pH 8.2), the grids were incubated at room tempera-
ture (45 min) with goat anti-mouse antibodies (1:80) conjugated
to gold particles (10 nm diameter, BB international). After wash-
ing with TRIS/HCl (pH 8.2) and TRIS/HCl (pH 7.4), grids were ﬁxed
in 4% glutaraldehyde and contrasted with 5% uranyl acetate in
50% ethanol prior to observation with a JEOL JEM-1400 electron
microscope. To ensure the speciﬁcity of secondary antibodies, we
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EM experiments were performed in duplicate, three grids were
observed for each conditions of infection or tranfection. Each
observation was performed on at least 10 individual cells. All
A549 and CEF cells displaying morphological signs and immu-
nostaining of infection were considered, imaged and respective
representative patterns were reported in the ﬁgures.
Immunoﬂuorescence
A549 cells were ﬁxed with 4% formaldehyde for 30 min and
then permeabilized with 0.1% Triton X-100 in PBS (PBST) for
15 min at 4 1C. Mouse monoclonal anti-NP (17C2; kindly provided
by Dr. Olivier Ferraris) or anti-M1 (AbCam, ab22396) and rabbit
polyclonal anti-NS1 (gift from Dr. Juan Ortin) were used in PBST.
After 1 h incubation at room temperature, the cover slips were
washed in PBST and then incubated 30 min with goat anti-mouse
and anti-rabbit Alexa Fluor 633-labeled or 488-labeled (Molecular
Probes, Invitrogen), at concentrations recommended by the sup-
pliers. Nuclei were counterstained with DNA-binding ﬂuoro-
chrome 4,6-diamidino-2-phenylindole (DAPI, Invitrogen). After
washing with PBS, the cover slips were mounted with Fluoro-
mount G (Cliniscience) and analyzed using a TCS SP2 confocal
laser scanning microscope (Leica). Each observation was per-
formed on at least 20 individual cells from 5 different large ﬁelds
of view. For all observations, each representative pattern was
reported.
Transfection and western blot
Transfection of plasmids into cells was performed using
Lipofectamine 2000 (Invitrogen). According to the manufacturer’s
instructions 3 mg of pHW2000 plasmids were added to 106 cells
for 48 hours. The efﬁciency of transfection was monitored using
control plasmid coding for eGFP protein.
The level of expression of viral proteins was assessed by
western blot. Proteins were extracted by scraping and syringing
cells in 1X NuPAGE LDS buffer (Invitrogen). Fifteen to thirty
micrograms of protein extract was separated on pre-cast 10%
NuPAGE gels (Invitrogen). Monoclonal mouse anti-NP (C87050M,
Meridian life science), anti-M1 (AbCam, ab22396) and goat
polyclonal anti-NS1 (Santa cruz, Sc-17601) were used. Rabbit
polyclonal Actin (Epitomics # S2613) was used as loading control.
Reverse genetics
H3N2 (MO), H3N2 delNS1, H5N2 (FI) and reassortant FINS, FIM
and FIMNS viruses were generated by reverse genetics as pre-
viously described (Hoffman et al., 2000). Brieﬂy, viral RNA was
extracted by using QIAmp viral RNA minikit (Qiagen) from A/
Moscow/10/99 and A/Panama/2007/99H3N2 and A/Finch/Eng-
land/2051/94H5N2 infected MDCK cell culture supernatant,
according to the manufacturer’s instructions. Two-step RT-PCR
was carried out for full-length ampliﬁcation of each viral RNA
gene segment from each virus, by using inﬂuenza A universal RT
primers (Uni-12primer, Eurogentec, Belgium) as previously
described (Moules et al., 2011). The cDNA obtained from different
genes were cloned into the pHW2000 vector (Hoffman et al.,
2000). The pHW2000-delNS1 construct was generated by reverse
transcription from NEP-mRNA using an oligo-dT primer followed
by ampliﬁcation via PCR using speciﬁc primers (50 TAT TCG TCT
CAG GGA GCA AAA GCA GGG TG-03 and 50 ATA TCG TCT CTT ATT
AGT AGA AAC AAG GGT GTT TTT TAT TAA ATA AGC TGA AAT G-03).
Ligation of the PCR product into the pHW2000 plasmid resulted in
the pHW2000-delNS1 construct that encodes only the NEP openreading frame ﬂanked by the non-coding regions of the viral NS
segment.
Recombinant virus generation was performed by transfection
of 293T using sets of eight-plasmid pHW2000 systems, as
previously described (Moules et al., 2011). At 48 h, the culture
supernatant containing the viruses was harvested and diluted at
1/10 in EMEM medium supplemented with TPCK-trypsin (1 mg/
ml) to infect conﬂuent layers of MDCK cells. After three passages
on MDCK cells, titers were measured using standard methods. The
delNS1 virus was ampliﬁed in 6 day-old-embryonated chicken
eggs for three days. Each full genome of recombinant viruses was
validated by sequencing.Acknowledgments
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